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We report systematic structural studies of poly(l-lactide) (PLLA) employing matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) and solid-state NMR spectroscopy.
13C cross polarization magic angle spinning (CP/MAS) NMR data for 1,8-dihydroxy-9-
anthracenone (DT), 2,5-dihydroxybenzoic acid (DHB), 2-(4-hydroxyphenylazo)-benzoic acid
(HABA), and trans-3-indoleacrylic acid (IAA), four matrices commonly used in MALDI-TOF
analysis of polymers, were analyzed to test the influence of crystallization conditions (solvent,
inorganic salt) on sample morphology. 13C principal elements of chemical shift tensor (CST)
and line-shape analyses were employed to study of the nature of hydrogen bonding and to
evaluate the crystallinity and amorphicity of the pure polymer. NMR parameters for PLLA
were compared with data for polylactide crystallized with the four matrices under different
conditions with the addition of two inorganic salts as cationization agents. This study revealed
that the semicrystalline structure of the polymer does not change when it is embedded in the
matrix. (J Am Soc Mass Spectrom 2009, 20, 67–72) © 2009 Published by Elsevier Inc. on behalf
of American Society for Mass SpectrometryIn recent years matrix-assisted laser desorption/ioniza-tion time-of-flight mass spectrometry (MALDI-TOFMS) has become an important mass spectrometric
technique for the analysis of polymers [1]. The useful-
ness of this method for determination of molecular
mass, molecular mass distributions [2], and end groups
of synthetic polymers has been reported in a number of
excellent reviews [3]. As discussed in many papers, the
proper choice of matrix and the method of sample
preparation [4–7] are two factors that crucially influ-
ence the quality of mass spectra, and these issues
remain the most difficult part of the MALDI analysis.
Numerous research groups have examined this prob-
lem and have found correlations between crystal
and/or molecular structure of the matrices and the
MALDI spectral data [8]. Schubert’s group has contrib-
uted important findings related to the choice of solvent
for sample crystallization, matrix functional groups
arrangement, the influence of degree of crystallinity on
spectroscopic response, etc. [9]. On the other hand,
Hoteling et al. found that the best MALDI spectra with
respect to S/N ratio were obtained when matrix and
polymer had similar retention times in a gradient HPLC
experiment [10]. Thus, no clear criteria have emerged
that enable the a priori prediction of the optimal con-
ditions for matrix-polymer sample preparation even
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phases have been employed to account for the complex-
ity of these processes.
In the present study, our goal was to improve our
understanding of all aspects that are important for
proper preparation of samples for MALDI-TOF mea-
surement. Since the most important step of analysis is
solid-to-gas-phase transition, we focused our attention
on the solid-state effects, and employed solid-state NMR
spectroscopy as the technique of choice. Herein, we
report systematic NMR studies of matrices commonly
used in MALDI-TOF MS, including 1,8-dihydroxy-9-
anthracenone (DT), 2,5-dihydroxybenzoic acid (DHB), 2-(4-
hydroxyphenylazo)-benzoic acid (HABA), and trans-3-
indoleacrylic acid (IAA). We also investigated the influ-
ence of the cationization agents NaI, NaCl, and LiCl on
molecular packing and crystallinity of the samples.
Finally, we examined analytical systems prepared with
these matrix materials, cationization agents, and the
polymer by means of solid-state NMR (SS NMR).
In this project, as the model polymer (Scheme 1) we
have used poly(l-lactide) (PLLA) with dipentaerythri-
tol (DPE) core group and molecular mass of 3 kDa (1).
The choice of the DPE group as an end group of PLLA
permitted the possibility for synthesis of star-shape
polymers with unique functional properties. The cur-
rent work is part of a larger project related to the
synthesis and characterization of new biodegradable
materials, which have attracted increasing interest over
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in the chemical industry.
Experimental
The preparation of poly(l-lactide) (PLLA) with the
dipentaerythritol (DPE) core group (1) has been de-
scribed elsewhere [11]. Matrices 1,8-dihydroxy-9-an-
thracenone (DT), 2,5-dihydroxybenzoic acid (DHB),
2-(4-hydroxyphenylazo)-benzoic acid (HABA), trans-3-
indoleacrylic acid (IAA), and the cationization agents
NaI, NaCl, LiCl, and KCl were purchased from Sigma
Aldrich and used without further purification. The
polymer and the matrices were dissolved in tetrahydro-
furan 99% (THF; POCh, Gliwice, Poland) at a concen-
tration of 10 mg/mL. Solutions of the cationization
agents were prepared at the concentration of 10 mg/mL
in THF (LiCl), acetone (NaI), or water (NaCl, KCl).
Samples were prepared by mixing the polymer solu-
tions, matrix solutions, and the cationization agent
solutions in the ratio 1:10:1 (vol/vol/vol). An aliquot (1
L) of this mixture was placed on the sample plate and
allowed to dry. For each sample, three spots (1 L each)
were applied to the sample plate beside each other. For
each spot, three summed spectra were recorded. Each
summation spectrum represented 10 repeated spectra
from 25 different points on the sample spot (25 points
10 spectra  250 spectra) and this procedure was
repeated twice. The measurements were obtained by
using the automatic mode of operation.
Mass spectra were recorded on a Voyager Elite mass
spectrometer (PerSeptive Biosystems Inc., Framingham,
MA), equipped with nitrogen laser (337 nm). Accelera-
tion voltage of 20 kV and delayed extraction were used
in all cases. Spectra were obtained in the linear, positive
ion mode. All spectra, resolutions, and signal-to-noise
(S/N) ratios were acquired, calculated and processed
by Data Explorer ver. 4 program (Applied Biosystems,
Foster City, CA).
For the screening, the instrument settings were: energy
of laser beam, slighty above threshold level of 1800 a.u., at
1900 or 2000 a.u.; delay time, 100 ns; acceleration voltage,
20,000 V; acquisition mass range, 700 to 15,000; low mass
gate, 500; grid voltage, 92.1%; guide wire, 0.02%.
Samples used in 13C SS NMR studies were prepared
as were the samples used in MALDI analysis, except
that the amount of material used was increased to 200
mg. The solid-state cross-polarization magic angle spin-
ning (CP MAS) experiments were performed on a
Scheme 1. Poly(l-lactide) (PLLA) with dipentaerythritol (DPE)
core.Bruker Avance DSX 300 (Bruker BioSpin GmbH, Rhein-stetten/Karlsruhe) operating at 75.47 MHz for 13C,
equipped with a MAS probe head using 4 mm and 7
mm ZrO2 rotors for
13C. Glycine was used for setting
the Hartmann-Hahn condition and adamantane was used
as a secondary chemical shift reference,   38.48 ppm
and 29.46 ppm from external TMS [12]. The conventional
spectra were recorded with a proton 90 degree pulse
length of 3.5 s and a contact time of 1 ms. The repetition
delay was 10 s and the spectral width was 25 kHz. The
FID signals were accumulated with a time domain size of
2 K data points. The RAMP shape pulse [13] was used
during the cross-polarization and TPPM decoupling
[14] with p 6.8 s and a phase angle of 20° during the
acquisition. The cross-polarization efficiency was mea-
sured with contact times between 10 s and 12 ms. The
spectral data were processed using the WIN-NMR
program [15].
Results and Discussion
MALDI TOF Measurements
Polylactides belong to the class of polyesters for which
DHB is most frequently used as a matrix in the MALDI-
TOF MS measurements [1, 3]. Unfortunately, in the case
of the polylactide under investigation, with the PLLA
chain directly attached to the dipentaerythritol core (DPE),
the mass spectra recorded using DHBwere unsatisfactory
due to poor resolution and low signal to noise (S/N) ratio.
This unexpected result prompted us to examine the appli-
cability of other matrices commonly used in the analysis of
polymers, namely 1,8-dihydroxy-9-anthracenone (DT), 2-(4-
hydroxyphenylazo)-benzoic acid (HABA), and trans-3-
indoleacrylic acid (IAA).
We recorded MALDI-TOF spectra for 1 with DT and
HABA matrices, using NaI as the cationization agent in
both cases (Figure 1). The most distinctive differences
Figure 1. Comparison of best andworse qualityMALDI-TOFmass
spectra of 1, recorded in linear mode and obtained at laser beam
energy of 2000 a.u. (a) Matrix, DT; cationization agent, NaI.
(b) Matrix, HABA; cationization agent, NaI.
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expressed by the S/N ratio. While the distribution of
signals in both cases is remarkably similar, the HABA
matrix was evidently not the proper choice for 1 and
gave unsatisfactory results.
We compared two parameters to assess the quality of
the mass spectra: resolution and signal-to-noise (S/N)
ratio. Both parameters were calculated for the highest
peak in the spectrum, which corresponds to the cation-
ized oligomer of highest concentration in the polymer.
The quality of MALDI-TOF spectra strongly depends
on the compatibility of the cationization agent with
polymer system [10]. Cationization agents are added to
the polymer sample to facilitate formation of adducts
(e.g., M  Na) in the gas phase. In this project, we
investigated the influence of salts on MALDI-TOF re-
sults by testing KCl, NaCl, LiCl, and NaI. Samples for
MALDI analysis were prepared in the volume ratio of
polymer:matrix:salt equal to 1:10:1, proportions that
gave the highest intensity of peaks. Our preliminary
study indicated that the best results were obtained with
lithium chloride and sodium iodide, and for subsequent
measurements, these two cationization agents were
used.
The choice of solvent used for sample crystallization
has significant influence on the quality of the spectra.
As recently discussed by Meier et al. [9], using the same
solvent for preparing solutions of polymer, matrix,
and inorganic salt gives the best result, but binary
solvent systems can be used as long as both are
compatible. In our case, tetrahydrofuran (THF) ful-
filled all requirements.
We next tested the influence of the energy of the laser
beam on the quality of MALDI TOF spectra. As sum-
marized in Table 1, S/N strongly depends on the
cationization agent. The best quality spectra were ob-
tained for DT as the matrix in conjunction with NaI as
the cationization reagent. Interestingly, this sample S/N
does not depend on the energy of the laser beam within
the measured range. The same matrix with LiCl gave
much poorer results. On the basis of collected data, a
ranking of the matrices (cationization agent), from best
to worst, was determined as:
DTNaI IAANaIDHBLiCl IAALiCl
HABALiClDHBNaIDTLiCl
HABANaI.
Table 1. S/N values for PLLA in different matrices in the prese
Laser power
arbitrary units
NaI
DHB DT HABA
1800 247 444 214
1900 220 438 174
2000 180 442 20913C NMR Study of PLLA/DPE with MALDI-TOF
Matrices
Detailed analysis of solid-state NMR spectra of crystal-
lized DT, DHB, HABA, and IAA compounds and
matrices recrystallized in THF with the addition of NaI
or LiCl as well as the spectra for PLLA/DPE pure
polymer are available as Supplementary Materials,
which can be found in the electronic version of this
article. We recorded the 13C CP/MAS spectra for the
four matrices with PLLA/DPE and NaI as the cation-
ization agent (Figure 2) and the appropriate 13CP/MAS
spectra with LiCl salt (Figure 3).
We analyzed the 13C data to establish the influence of
the matrix-salt mixture on the morphology of the poly-
lactide (and vice versa). We evaluated the change of
line-shape of the matrix signals and the ratio of compo-
nents for the carboxyl group which reflects the crystal-
linity of polymer. Comparison of spectra for PLLA/
DPE:DT:salt revealed significant differences in the
Figure 2. 13C CP/MAS spectra of the MALDI mixture in the
presence of NaI (polymer:matrix:NaI 1:10:1) crystallized from THF
recorded with 8 kHz spinning rate at room temperature: (a) DT,
(b) DHB, (c) IAA, (d) HABA. Circles represent NMR signals of
matrix, the filled triangles represent PLLA (*-spinning sidebands).
f NaI and LiCl cationization agents
Average S/N
LiCl
IAA DHB DT HABA IAA
420 379 189 217 285
389 392 240 242 259nce o362 352 217 278 254
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and LiCl (Figures 2a and 3a). For the latter case, the
resolution was worse and signals were much broader,
as is typical for amorphous phases. However, no deci-
sive influence of the matrix and salt on the polymer
structure was evident. In both cases, the line-shapes of
the carboxyl groups were similar and the proportion of
components was roughly the same. Notably, the car-
boxyl signals were not as well resolved as for the pure
polymer (see the Supplementary Materials). Hence, we
can only compare the two components corresponding
to amorphous and crystalline phases, and in all cases
the ratio was 1:2.
The sample prepared with DHB as the matrix and
LiCl as the cationization agent (Figure 3b) showed
lower resolution than the sample with NaI (Figure
2b), but the effect was not as pronounced as in the
case with DT. Based on the data presented in the
Supplementary Material, IAA with the polymer
formed amorphous phases. Very broad 13C NMR
lines were seen for both cationization agents, but
resolution of the sample with LiCl (Figure 3c) was
slightly better. In this case, it was possible to decon-
volute the carboxyl signals of PLLA. For the sample
with NaI (Figure 2c), the carboxyl signals are over-
lapped and analysis is ambiguous. The spectra for
PLLA with HABA with NaI (Figure 2d) and with LiCl
(Figure 3d) are similar. The 13C signals representing
HABA are very similar to those reported elsewhere
Figure 3. 13C CP/MAS spectra of MALDI mixture in presence of
LiCl (polymer:matrix:LiCl 1:10:1) crystallized from THF recorded
with 8 kHz spinning rate at room-temperature: (a) DT, (b) DHB,
(c) IAA, (d) HABA. Circles represent NMR signals of matrix, the
filled triangles represent PLLA. (*-spinning sidebands).[16].In the next step of our project, we were interested in
the influence of the matrix on subtle NMR parameters,
e.g., 13C chemical shift tensor (CST) elements. For the
pure polymer 13C CST data are reported in the Supple-
mentary Materials. Investigations of CST for mixtures
of PLLA:matrix:salt were difficult. At low spinning
speed, the overlap between different spinning side-
bands is multiplied and analysis of the spectrum is
ambiguous since the deconvolution procedure was not
unequivocal.
The separation of isotropic and anisotropic parts of
the spectrum in systems with heavy overlapping is still
a challenge for one dimensional (1D) solid-state NMR
spectroscopy [16]. Hence, in our project we have em-
ployed a two-dimensional approach (2D PASS se-
quence) [17]. The 2D PASS NMR experiment involves a
series of 16 one-dimensional experiments. Each experi-
ment consists of a sequence of five /2 radio frequency
pulses with variable delay periods in between them.
After CP (cross polarization), the sample is allowed to
freely precess during an evolution period synchronized
with sample spinning, after which the experimental
data are acquired. At the conclusion, data are Fourier
transformed in each dimension to generate the two-
dimensional spectrum.
Figure 4 shows the 2D NMR spectrum of PLLA:DT:
NaI, recorded at 278 K with the spinning rate of 1500
Hz. By proper data shearing (Figure 4b), the spinning
sidebands for each carbon were separable, and we were
able to calculate the 13C CST parameters. Clearly, the F2
Figure 4. (a) 2D PASS spectrum of PLLA:DT:NaI recorded with
spinning rate 1.5 kHz, (b) spectrum after data shearing; (c) and
(d) show the experimental and the best-fitting simulated 1D CSA
sideband pattern for selected carboxyl carbon atoms taken for F1
slices. The spectrum shown (c) represents carboxyl groups at 169
ppm, while the spectrum shown in (d) shows carboxyl groups at
170 ppm.
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trum, while F1 represented the chemical shift anisot-
ropy (CSA) of each system. In the present study, we
focused attention only on the 13C CST parameters of the
carboxyl groups. The appropriate F1 slices and the best
fitted simulated spectra are shown in Figure 4c and d.
The calculated 13C CST values are collected in the Table
in the Supplementary Materials.
For samples prepared for MALDI, measurements of
the subtle distinctions between hydrogen bonded do-
mains of polylactide were not seen. This conclusion is
based on analyses of 13C ii parameters available from
solid-state NMR measurements and comparison of data
for 1 in pure form and embedded in the matrix. It is well
known that 13C CST parameters for carboxyl group (in
particular 13C 22) are very sensitive to change of
strength of hydrogen bonding and analysis of intermo-
lecular interactions [18]. Resemblance of 13C parameters
for 1 and 1 embedded in the MALDI matrix (see
Supplementary Materials) justify given supra state-
ment. Analysis of NMR data shown in the Table proved
that the matrix and the salt have only slight influence on
the molecular structure and the inter-molecular con-
tacts of the polylactide.
Conclusions
Polylactides are biocompatible and biodegradable poly-
mers with attractive functional properties, for which
matrix-assisted laser desorption/ionization-time-of-
flight mass spectrometry (MALDI-TOF MS) is an im-
portant, commonly applied experimental technique
used for characterization of molecular mass distribution
and degrees of polymerization. However, the quality
and reliability of mass spectra strongly depend on
experimental conditions and methods of sample prep-
aration. Hence, a full understanding of all the contribu-
tions of the experimental variables will allow better
control of the analytical processes and is therefore
highly desirable.
To the best of our knowledge, we present here the first
report showing application of solid-state NMR spectros-
copy for the explanation of the nature of polylactide:
matrix interactions. Systematic NMR studies of matrices,
crystallized under different conditions with addition of
two inorganic salts as cationization agents, allowed us to
ascertain the changes of themorphology, crystallinity, and
amorphicity for compounds, which are commonly used in
MALDI-TOF analysis. Advanced analysis of 13C CST
NMR parameters for the polymer enabled us to conclude
that weak hydrogen bonding is responsible for formation
of crystalline domains of polylactide. The ratio of crystal-
line versus amorphic phases was established employing
deconvolution of the carboxylic resonances. Our analysis
of actual MALDI-TOF samples by means of NMR spec-
troscopy permitted us to conclude that under standard
crystallization conditions matrices and salts have only
slight effects on molecular structure and morphology of
the polylactide. The proportions of crystalline and non-crystalline phaseswere preserved, although subtle distinc-
tions between carboxylic signals in the former phase were
observed. Analysis of 13C CST parameters for carboxylic
groups of polylactide in the MALDI matrix and their
resemblance to parameters established for the pure poly-
mer proved that the polymer chains are in tight contact
and this interaction is not disturbed by either thematrix or
the salts. Moreover, the crystallinity of the matrix is not a
critical step for determining the quality of the MALDI-
TOF analysis, as illustrated by the spectral differences
between samples prepared with DT, which is the best
matrix for analysis of 1, and samples made with IAA,
which is slightly worse as a matrix. From the NMR study,
clearly DT preserved its crystalline form whilst IAA was
very amorphic.
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